In recent years, exciting progress was made to improve the embryo outcome after ovarian stimulation in domestic animals. The practice of follicle-stimulating hormone (FSH) withdrawal, which is defined as the period of time between the last injection of FSH and oocyte retrieval, resulted in embryo yields significantly superior. Since then, specific changes in the transcriptome of granulosa cells were associated with the increase and also the decline in oocyte developmental competence following the FSH decline. In this study, we integrated large datasets from a public depository using a meta-analysis in order to elucidate the molecular changes occurring in granulosa cells following FSH decline in association with oocyte developmental competence. The meta-analysis revealed that the gene expression patterns observed during this period resulted from the downregulation of proliferative signals, and the upregulation of differentiation signals and early apoptotic signals. Additionally, FSH decline induced cellular hypoxia and triggered the expression of proinflammatory molecules which resulted in early atresia and mimicked the luteinizing hormone (LH) surge signaling to ovulation. To characterize this unique differentiation period, we suggest using the term "follicle capacitation" to refer to the functional changes occurring within the follicle in order to prepare the molecular machinery for the LH surge and ovulation following FSH decline. During this period, the follicle confers the oocyte with developmental competence to become a viable embryo. However, if this period is not rapidly followed by an LH surge, apoptosis signals are increased to generate follicular atresia and decrease oocyte quality.
Introduction
Over the last two decades, research on follicle development and oocyte physiology resulted in major improvements in assisted reproduction technologies (ART) such as ovarian stimulation, in vitro maturation, and in vitro fertilization followed by embryonic development. The success of ART is primarily based on the ability to generate one or many good gametes that will successively develop into healthy offspring. It was clearly demonstrated that the origin of the oocyte influences the developmental potential of the embryo in bovine [1, 2] , humans [3, 4] , and rodents [5] . Most importantly, the oocyte developmental competence is acquired during late folliculogenesis and is strongly associated with the follicle status [1, 6, 7] .
In mammals, antral follicles are recruited in a wave-like manner in response to an increase in follicle-stimulating hormone (FSH) following the previous ovulation or regression of a dominant follicle. The growth of the recruited follicles is FSH-dependent until the selection of the dominant follicle [7] [8] [9] , which occur when the follicles reach a size of approximately 8.5 mm. The selection or deviation of the dominant follicle is a passive event that begins for the first follicle to express the luteinizing hormone (LH) receptor (LHR) [10] . As FSH declines naturally, the dominant follicle switches its dependency from FSH to LH resulting in an LHdependent plateau phase of non-exponential growth and follicular survival support until the LH surge [11] . The other follicles that did not acquire the LHRs are designated as subordinate as the FSH level decreases and the LH level increases. The absence of LHR and the decline in circulating FSH causes the subordinate follicles to slow their growth and will eventually result in atresia, unless the dominant follicle is regress or is physically removed, then the second larger follicle will replace the dominant [12, 13] . In the absence of pregnancy or progesterone, the LH surge will occur and will trigger the process of ovulation and follicular differentiation (luteinization) into a highly vascular structure: the corpus luteum. In cattle, if progesterone levels remain high, the LH pulses will not increase and the dominant follicle will not ovulate and undergo atresia leading to a new wave of antral follicles as FSH increases [14] [15] [16] .
Ovarian stimulation takes advantage of the capability of all subordinate follicles to become dominant. By injecting exogenous FSH at the right moment after recruitment and for a few days, the subordinate follicles can be rescued from atresia and can become subdominant follicles capable of ovulation. Moreover, several studies demonstrated that bovine oocytes originating from the plateau phase just before the LH surge are associated with higher blastocyst rates [17, 18] . This phase can be artificially induced in cattle by withdrawing FSH for a few days (coasting) after ovarian stimulation [19] , resulting in almost 100% embryo yields in bovine [20] . The coasting period creates a progressive granulosa cells' gene expression that mimics several preovulatory changes in the dominant follicle and is associated with improved oocyte competence [21] In this study, we hypothesized that the FSH decline after deviation (or FSH withdrawal after ovarian stimulation) is part of the molecular changes occurring in granulosa cells in preparation for ovulation and is essential to increase oocyte developmental competence. The aim of this study was to better understand the granulosa cell transcriptome and its regulation after FSH decline or withdrawal and to provide new biomarkers of follicular status.
Materials and methods

Data retrieval
Microarray gene expression data from earlier studies of granulosa cells (Gene Expression Omnibus numbers: GSE40916, GSE63904, GSE63918, GSE63919, and GSE56145) were retrieved from the EmbryoGENE LIMS and Microarray Analysis (ELMA) platform for storage and analysis of microarray data and pooled together for meta-analysis. All datasets were generated using the EmbryoGENE bovine microarray and were analyzed after 20, 44, 68, and 92 h of FSH coasting and from growing, plateau, and atretic follicles 6-9 mm and >9 mm of diameter from slaughterhouse ovaries. All microarray experiments were confirmed in their respective publication [17, 18, 22] . The data from each microarray were exported after background correction and normalization within each array (loess) using FlexArray 1.6.1 (http://genomequebec.mcgill.ca/FlexArray).
Microarray meta-analysis association with follicle-stimulating hormone decline Microarray meta-analysis was performed using the network-based visual analytics for gene expression profiling, meta-analysis, and interpretation (NetworkAnalyst). Data processing involved a log2 transformation, the conversion of all gene probes to "Entrez ID" and a quantile normalization as recommended by the program workflow in order to perform statistical analysis [23] . NetworkAnalyst analyzes individual microarray datasets separately and subsequently performs meta-analysis. Differential expression analysis of each dataset was performed individually within Flexarray using a moderated t test based on the Limma algorithm for reference purposes only. Metaanalysis was performed in NetworkAnalyst using Fisher's method (P < 0.05) to identify genes expressed differentially (differentially expressed genes [DEGs] ) between follicles associated with natural or artificial FSH decline. Fisher's method of meta-analysis combines P-values from the multiple datasets independently of the sample size within each study.
Network-based meta-analysis
Briefly, separate lists of meta-analysis DEGs during the acquisition of competence and the competence decrease were submitted to the network analysis in which a search algorithm was performed to identify the protein that directly interacts with the given list. The resulting nodes and their interaction partners were returned to build the network. The network construction was restricted to contain original seed proteins only, using zero-order analysis in NetworkAnalyst. Important nodes can be identified based on their positions within the network with two established node centrality measurements: degree centrality and betweenness centrality. The degree of a node is the number of connections it has to other nodes and the betweenness measures the number of shortest paths going through the node from the global network structure.
Analysis of biological functions and upstream regulators
The PANTHER (Protein ANalysis THrough Evolutionary Relationships) classification system web-based software was used to group overrepresented functions of DEGs into functional classifications [24] . Complementary to PANTHER, and in order to establish which biological functions were affected by FSH decline, the meta-analysis datasets were subjected to functional analysis using Ingenuity [81] and adapted for better visualization of the early, optimal, and late OPU windows following coasting.
Pathway Analysis (IPA). Briefly, the list of DEGs from the metaanalysis between the periods associated with high competence (plateau and optimal coasting period) and those associated with lower competence (Growing and Atretic, and early and late coasting) were uploaded into IPA and analyzed for major biological functions and potential upstream regulators. This attributed the probability of association between genes in the dataset and major biological functions affected. Also, IPA determined the upstream regulators of DEGs by referring to its database of previously known effects of different molecules (endogenous or exogenous) on target genes. Each upstream regulator had an overlap P-value and an activation Z score. The activation score is an overall score based on the known effects (upregulation or downregulation) of a molecule on each of its target genes. An upstream regulator is thus attributed an activated (Z-score > 2), inhibited (Z-score < 2), or uncertain state based on the observed changes in gene expression of known downstream targets. This analysis enabled us to identify major upstream regulators as a consequence of FSH decline and the absence of an LH surge.
Animals, ovarian stimulation, and granulosa cells collection
Granulosa cells were obtained from 186 randomly selected heifers and cows (Holstein breed) aged from 6 to 130 months other than those included in the meta-analysis. All ovarian stimulation, in vitro fertilizations, and in vitro culture were performed from March 2015 to April 2017 in a controlled commercial environment. The protocol for ovarian stimulation and ovum pick-up (OPU) was essentially the same as described previously [25] . Briefly, the dominant follicle was aspirated 36-48 h before hormone administration. Animals were stimulated for 3 days with FSH. According to animal age, body condition score and/or based on previous stimulation, FSH was administered in five 30-mg, six 30-mg, or six 40-mg doses of NIH Folltropin-V (Bioniche Animal Health), followed by a coasting (no FSH) period of 19, 30, or 43 h (Figure 1 ). Using transvaginal ultrasonography, cumulus-oocyte complexes (COCs) were collected by transvaginal puncture under epidural anesthesia, using an 18-G needle and COOK aspiration unit (COOK Medical). COCs and granulosa cells were collected in warm HEPES-buffered Tyrode's medium (TLH) containing heparin (10 IU mL 1) and transferred to the laboratory for in vitro production. Oocyte developmental competence was measured in each animal by the number of oocytes placed in maturation that reaches the blastocyst stage following fertilization. Granulosa cells were collected within 10-15 min after the OPU, centrifuge at 4500 RPM for 1 min at room temperature, snap freeze, and conserved at −80 degrees until RNA extraction.
Reverse transcriptase quantitative PCR
Total RNA was extracted from each sample and purified using the RNeasy mini kit (Qiagen). The purity and concentration of the extracted RNA were analyzed using a Bioanalyzer (Agilent Technologies). All extracts were of good quality with an RNA integrity number >8. A total of 325 ng of RNA was reverse-transcribed using a q-Script FlexTM cDNA synthesis kit (Quanta Biosciences, Gaithersburg, MD) with oligo dT (20) and random primers following the manufacturer's recommendations. The primers used for realtime RT-PCR were designed using the IDT PrimerQuestTM tool (available on the Integrated DNA technologies website) from sequences obtained using the UMD3.1/bosTau5 assembled version of the bovine genome. To confirm the specificity of each pair of primers, electrophoresis on a standard 1.2% agarose gel was performed for each amplified fragment, and the sequenced PCR template was then used to prepare a standard curve, which was included in each reaction. Primer sequences and annealing temperatures are shown in Supplemental Table S1 . Real-time PCR was performed using LightCycler 480 SYBR Green I Master and the LightCycler 480TM (Roche Diagnostics, Laval, QC, Canada). Based on the fact that each single microarray has been already confirmed and published, the samples were not run in technical replicate; thus, each gene of interest for each animal was run in a single well. The PCR conditions used for all genes were as follows: denaturing cycle for 10 min at 95 recalculating the M values. ACTB, GAPDH, EIF2B2, SF3A1 and TBP were the most stable genes with M values < 1.5 as recommended by the software. One-way ANOVA with the Tukey's post-test was performed on normalized data using GraphPad Prism version 7.00 (GraphPad Software, San Diego, CA).
Results
Using NetworkAnalyst, we performed transcriptome meta-analyses of three independent microarray studies (eight microarray datasets in total). Each individual array analyzed granulosa cells from a different follicular status during natural FSH decline or FSH withdrawal.
The genes in granulosa cells that were differentially expressed in association with the follicular status and/or the differentiation degree were submitted to network and bio-functional analyses within NetworkAnalyst, PANTHER, and IPA, respectively.
Network-based meta-analysis of genes associated with oocyte competence
Oocyte competence is associated with the plateau phase in slaughterhouse follicles and with the period from 44 to 68 h of FSH withdrawal (coasting) after ovarian stimulation. Thus, we compared the gene expression in granulosa cells from the period of higher oocyte competence, the plateau phase and the optimal differentiation, to the gene expression in granulosa cells associated with the periods of lower oocyte competence which are the follicular growing and atretic status for medium (6-9 mm) and large (>9 mm) follicles, and the early and late differentiation after coasting. Using NetworkAnalyst, the meta-analysis Fisher's test revealed a total of 2248 DE genes in the granulosa cells from the period of acquisition of competence leading to the plateau and the optimal coasting periods (Supplemental Table S2 ), and a total of 1589 DE genes associated with the oocyte competence decrease period leading to atresia and late differentiation (Supplemental Table S3 ) that are common to the three groups (coasted, 6-9 mm plateau, and >9 mm plateau follicles) (P < 0.05). Network analysis of highly connected hub proteins was conducted in the same web-based NetworkAnalyst software. In order to simplify the network of protein nodes, the major nodes in granulosa cells were extracted and displayed separately with their neighbor nodes for the period of increased and decreased competence (Figures 2 and 3) . In terms of network topology measures, PCNA (Proliferating Cell Nuclear Antigen) and TP53 (Tumor protein 53) were identified as the most significantly down-and upregulated hub genes, respectively (betweenness of 62365 and 870010, respectively; degree centrality of 42 and 40, respectively) in granulosa cells of follicle associated with the acquisition of oocyte competence (Figure 2 ). Whereas CDK1 (Cyclin Dependent Kinase 1) and CDKN1A (Cyclin Dependent Kinase Inhibitor 1A) were identified as the most downand upregulated hub genes, respectively, (betweenness of 52211and 4907, respectively; degree centrality of 69 and 24, respectively) in granulosa cells of follicle associated with oocyte competence decreases ( Figure 3) .
The biological processes of DE genes were also analyzed in NetworkAnalyst with the gene ontology (GO) enrichment analysis database (P < 0.05). The biological processes included phagocytosis, transferase activity, cell adhesion, regulation of transcription in the top list of the most significant processes, as well as the apoptotic process, JAK/STAT cascade, and angiogenesis within the list of significant processes (False Discovery Rate < 0.05).
Functional analysis
Using the datasets of modulated genes from both meta-analyses, IPA Function analysis generated statistically significant predictions for increased (z-score > 2) or decreased (z-score < −2) activity in several cellular functions. The IPA allowed the identification of predicted regulators that were most likely activated or inhibited in granulosa cells from follicle associated with the acquisition and decrease of Figure 3 . Network analysis of DEGs in bovine granulosa cells derived from follicles associated with developmental competence decrease after FSH decline. The differentially regulated genes were analyzed separately in NetworkAnalyst and zero-order protein-protein interaction networks were constructed. Interaction networks of highly connected hub genes were extracted from the original network to highlight protein nodes connecting significant hub genes such as the CDK1 network (A), and the CDKN1A network (B).
oocyte developmental competence after FSH decline (summarized in Figure 4 , full list in Supplemental Table S4 ). For each meta-analysis (competence acquisition and competence decrease), gene symbols associated with the meta-analysis combined t-statistic (P < 0.05) and their expression level were uploaded separately to the PANTHER functional annotation and enrichment analysis [24] , and the top 20 most significant biological process enrichment scores are summarized in Table 1 .
Validation of meta-analysis gene expression
The genes included in the RT-qPCR analysis were PCNA (Proliferating Cell Nuclear Antigen), CDK1 (Cyclin Dependent Kinase 1), CCNB1 (Cyclin B1), CDKN1A (Cyclin Dependent Kinase Inhibitor 1A), and VNN1 (Vanin 1). The expression patterns of all candidate genes were consistent with the meta-analysis results ( Figure 5 ). Embryo yields were also compared accordingly to the coasting period with no significant changes (Supplemental figure).
Discussion
With the accumulation of transcriptomic data from microarray experiments and advances in statistical methods, it is now possible to use meta-analysis to further investigate the transcriptional regulation of genes across multiple conditions and obtain biologically significant information [26] . Using the Fisher's combined P-values method for meta-analysis of DEGs [23] , we studied granulosa cell gene expression following the natural decline in FSH after deviation and after FSH withdrawal in superstimulated cows which are both associated with a higher oocyte developmental competence [19] . Based on microarray data from three different studies [17, 18, 22] , this meta-analysis described the gene regulation and the biological functions involved in the acquisition of oocyte competence after FSH decline and FSH withdrawal. This study provided new insights to better understand oocyte competence acquisition after FSH decline, and provided new biomarkers for the assessment of follicular status. We also present the new concept of follicle capacitation, in which the follicle prepares its molecular machinery for the LH surge following FSH decline and provides the oocyte with a signal to acquire developmental competence.
Effect of follicle-stimulating hormone decline on oocyte developmental competence
The period between the exponential follicular growth under FSH and the trigger for ovulation (LH surge) is known as the plateau phase where follicular growth is more the result of the accumulation of follicular fluid than of cellular division. It is mainly during this phase that the process of cell differentiation begins. Interestingly, oocytes enclosed in follicles in the plateau phase have significantly higher developmental competence [1, 27] . Based on the PANTHER enrichment analysis, FSH decline and withdrawal resulted in an overrepresentation of multiple biological processes related to cell cycle, cell division, cellular respiration, mitochondrial functions, and apoptosis.
NetworkAnalyst meta-analysis identified PCNA, CDK1, TP53, and CDKN1A as the most central nodes in granulosa cells during oocyte competence acquisition following FSH decline and withdrawal. Commonly used as marker of cell proliferation, PCNA is a DNA polymerase accessory protein which is involved in Okazaki fragment joining, DNA repair, and chromatin assembly, and forms complexes with other proteins involved in cell cycle regulation such as the cyclin-dependant-kinase (CDK) [28, 29] . Many studies showed that FSH increases PCNA gene expression in rat, chicken, cow, and human granulosa cells [30] [31] [32] [33] , and interestingly, PCNA interacts with cyclin-dependant-kinase 1 (CDK1) in the control of the cell cycle [34] . Also known as a cell division control protein, CDK1 is partnered with cyclin A (CCNA) and cyclin B (CCNB) during the late S/G2 phase and these complexes are required to ensure the successful completion of mitosis [35] . The addition of FSH to cultured granulosa cells resulted in the accumulation of CDK1 (also known as CDC2) [36] which is a marker of proliferation. Interestingly, CDK1 expression was associated with lower oocyte quality in ewes compared to sexually mature lamb [37] . We demonstrated that the expression of PCNA, CCNB1, and CDK1 was higher early in coasting and progressively decreased during FSH withdrawal as oocyte developmental competence increased. The proteins ERBB2 (Erb-B2 Recptor Tyrosine Kinase 2) and MYC (Myelocytomatosis Proto-Oncogene, BHLH Transcription factor) were the two top inhibited upstream regulators and are both involved in the proliferation of granulosa cells under FSH and after the LH surge to promote the formation of the corpus luteum [38, 39] . On the other hand, the tumor suppressor TP53 encodes a transcription factor that is activated in response to several forms of cellular stress, acts as a negative regulator of cellular growth, induces cell cycle arrest by affecting MYC and CDK [40] , and most importantly is an important inducer of apoptosis [41] . As the most upregulated hub gene in the acquisition of competence and the top upstream regulator, TP53 is a central regulator of this period. Interestingly, TP53 is regulated by various protein kinases including Phosphatidylinositol 3-kinase (PI3K)/Protein kinase B (AKT), ERBB2, CDKN1A, and CDK that also regulates PCNA [42] ; thus, it is possible that some of these protein kinases might have some inter-relationships with PCNA and TP53, as the downregulation of one can result in the accumulation of the other as previously demonstrated [43] .
The transcription factor TP53 was associated with follicular atresia as well as the apoptosis of granulosa cells by depletion of cell survival factors such as FSH, insulin-like growth factor (IGF), insulin receptor (INSR), and estradiol (E2) [44, 45] . In granulosa cells, estradiol has various functions such as promoting folliculogenesis and inhibiting cell apoptosis (see review [46] ). The actions of FSH, IGF, and INSR synergistically enhance follicular development, proliferation, cell survival, and promote estradiol production in the growing follicle [47] [48] [49] . PI3K/AKT signaling is the central anti-apoptotic intracellular signal transduction pathway that is initiated by these factors [45, 48, 50, 51] . Its anti-apoptotic effect is mediated in part by phosphorylating the forkhead box O (FOXO) subfamily of transcription factors. When survival-promoting factors are depleted, forkhead box O1 (FOXO1) and O3 (FOXO3) are dephosphorylated and translocated to the nucleus where they inhibit cell proliferation and estrogen production, and enhance the proapoptotic factors TP53 and BCL2 Associated X (BAX) [45, [52] [53] [54] . Two members of the FOXO family including FOXO3 were predicted to be activated in the dataset associated with optimal oocyte competence following FSH decline or withdrawal, further supporting the central role of TP53 and apoptotic signaling.
Acting as a central mediator of TP53, cyclin-dependent kinase inhibitor 1A (CDKN1A) functions as a cyclin-dependent kinase inhibitor in response to DNA damage or other cellular stresses [55] . However, its function in granulosa cells remains unclear and its expression was upregulated after the LH surge to decrease proliferation and promote final differentiation [56] . Moreover, the inhibition of CDKN1A by the microRNA miR-93 promoted granulosa cell proliferation in human granulosa cells line KGN [57] , suggesting a role in Table 1 . Biological processes in granulosa cells from the meta-analysis datasets. PANTHER results for biological processes in granulosa cells from the meta-analysis datasets associated with the acquisition of oocyte developmental competence (A) and its decreased (B). For each meta-analysis dataset, the top 20 enriched biological processes GO terms and its number in parentheses are presented. The reference list consists of the mapped IDs by PANTHER that are particular to the GO term [82] , and the number of hits is the number of genes in the meta-analysis dataset that map to this annotation data category. Fold enrichment gives the over-representation. The P-values were calculated by PANTHER software based on the binomial distribution; they were adjusted based on Bonferroni correction for multiple testing. the regulation of granulosa cells growth and differentiation which is supported by its differential expression throughout coasting. Taken together, the upstream analysis clarified a signaling pathway that includes TP53, FOXO members, and CDKN1A following FSH decline in the early follicular atresia induction. Furthermore, by arresting cell division, TP53 promotes the differentiation and the reduction of cell proliferation. If at the same time LH is maintained, it provides an anti-apoptotic activity enabling the follicle to continue its growth and produce estradiol, but if LH is removed atresia occurs rapidly [58] . Indeed, LH support during the FSH decline period is crucial for the oocyte developmental competence (reviewed in [27] ). The suppression of LH expression using a gonadotropin-releasing hormone (GnRH) antagonist during FSH withdrawal resulted in less competent oocytes after IVF [59] . A recent study demonstrated that the removal of LH support during FSH withdrawal (with a GnRH antagonist) immediately stops follicular growth, creates a precocious plateau (no growth), and leads to rapid granulosa cell atresia [58] . Interestingly, the pattern of expression of multiple genes and upstream regulators that are associated with the decline in oocyte competence resembles the pattern of expression when the atresia is induced by the absence of LH signaling due to GnRH antagonist treatment. Among the genes involved, tumor necrosis factor alpha (TNF-a), an activator of the extrinsic caspase pathway signaling, is activated after the optimal/plateau phase to enter follicular atresia. It is possible that LH acts as a stimulator of inflammation to prepare the follicle Figure 5 . Gene expression levels of five selected biomarkers were used to validate the meta-analysis results in bovine granulosa cells following coasting for 19, 30, and 43 h. RT-qPCR values are mean relative expression with standard error of the mean compared to the reference groups (black bar). The results were normalized using geNorm values calculated using endogenous ACTB, GAPDH, EIF2B2, SF3A1, and TBP transcript levels. Significant differences were calculated using the one-way ANOVA with Tukey's multiple comparison test ( * P < 0.05, * * P < 0.01, * * * P < 0.001, * * * * P < 0.0001).
for ovulation, but it is believed that LH supports follicular growth and promotes follicular differentiation during FSH withdrawal by a possible PKA/PKC (protein kinase) signaling [27, [60] [61] [62] . It is also possible that FSH decline or withdrawal induces oxidative stress within the follicle [63, 64] , which promotes inflammation and cell differentiation in preparation for the LH surge. The enrichment analysis revealed that the decline in FSH seems to alter the mitochondrial oxidoreduction function and to decrease the anti-oxidant capability which creates a cellular oxidative stress environment in granulosa cells. Angiogenesis is essential during folliculogenesis to better oxygenate the multiple layers of the follicle. Granulosa cells regulate angiogenesis by releasing proangiogenesis molecules and complexes such as the vascular endothelial growth factor (VEGF) in the surrounding stroma under the influence of FSH and LH to induce growth of pre-existing vessels. Tsai-Turton and Luderer [63] demonstrated that FSH reduced the accumulation of reactive oxygen species (ROS) in cultured granulosa cells and also increased the production of the antioxidant glutathione. They also observed a rise in ROS after the removal of FSH that initiated the apoptotic cascade. A similar rise in ROS was observed after the LH surge which was involved in the increase of the proinflammatory cytokines TNF-a, interleukin 1 (IL1) [65] , and CDKN1A [56] , further suggesting that FSH decline or withdrawal increases hypoxia within granulosa cells and triggers proinflammatory and proapoptotic molecules resulting in an early state of atresia, and to some extent, this mimics ovulation signaling [66] .
The production of cytokines in the ovary and their effects on some ovarian processes strongly suggest that cytokines are important mediators of ovarian functions. The expression of TNF-a was repetitively shown in granulosa cells at different stages of follicular growth including follicle persistence [67] . This is consistent with our data that showed an increase in the activation of TNF-a after FSH decline/removal and a further increase in TNF-a activity during follicle persistence in the absence of gonadotropins. Previous studies demonstrated that, depending on the stage of development, TNF-a can regulate granulosa cell differentiation, ovulation, or apoptosis [68, 69] . Interestingly, the perfusion of TNF-a in rat ovaries induced ovulation and the effect was further increased by the addition of LH [70] , further suggesting that TNF-a has a role to promote differentiation in absence of FSH but only to a certain extent, whereas TNF-a activation increases in un-ruptured follicle to induce follicular senescence [71] . Based on this study, we suggest that TNF-a is increased following FSH decline in order to prepare the follicle for differentiation (follicle capacitation) and the LH surge. However, the persistence of the follicle without LH surge is interpreted as an unruptured follicle and further increases apoptosis to signal follicular atresia.
As many others demonstrated, early signs of atresia have a positive effect on oocyte developmental competence [72, 73] . This may be partly explained by the similarity in ultrastructure observed between oocytes undergoing prematuration and oocytes undergoing early atresia [74] . Embryo production was doubled when postmortem ovaries were kept at 30
• C for 4 h instead of 2 h due to the production of ROS and the initiation of atresia which positively affected oocyte developmental competence [75] . However, if oocytes are kept in compromised follicles in vivo for too long without the LH surge to trigger ovulation, the expression of proinflammation and proapoptosis molecules increases further. As previously demonstrated, the expression of VNN1, a marker of lower developmental competence which is linked to apoptosis and/or oxidative stress [22] , was increased late in coasting and was also associated with the decrease in developmental competence in this study. Among the most significant activated upstream molecules, TGFB1 is known to limit follicle development in the presence of FSH [76] , to reduce steroidogenesis in human and rat granulosa cells [77, 78] , repress luteinisation, and promote apoptosis in bovine granulosa cells [79] . Indeed, the TGFB superfamily was implicated at multiple levels in the regulation of ovarian function depending on the species studied and the stage of follicular development (reviewed in [80] ). In the present study, our data suggest that TGFB1 is associated with the follicular differentiation leading to optimal oocyte competence, and the persistence of the follicle without an LH surge further activates TGFB1 to promote follicular atresia.
Conclusion
We demonstrated the gene expression in granulosa cells associated with the acquisition of oocyte competence following the FSH decline that occurs naturally or artificially (FSH withdrawal). In both cases, the granulosa cells have a dynamic gene expression pattern that prepares the follicle machinery for the LH surge and ovulation. The term "follicle capacitation" refers to the functional changes occurring within the follicle to prepare for the LH surge and ovulation; it involves a decrease in cell proliferation and an increase in differentiation signaling triggered by the FSH decline. Thus, inducing FSH withdrawal (coasting) after ovarian stimulation is beneficial for the oocyte as it allows time for follicle capacitation, resulting in higher embryo yields. The lack of FSH support downregulated proliferative signals such as PCNA, CDK1, and CCNB1, and increased the expression of CDKN1A and VNN1 which could become good indicators of the follicular status following FSH decline using granulosa cells. Finally, we suggest that the decline in FSH induces cellular hypoxia resulting in the increase of proinflammation cytokines and early apoptotic signals, and that the period of follicle capacitation is crucial for the acquisition of oocyte developmental competence. This study provides a better knowledge of ovarian physiology, which is key to improve the assisted reproductive technologies such as the coasting regimen. We also discovered new biomarkers to assess if the follicular status is early, optimal or late following coasting.
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Supplemental Table S1 . List of the primer sequence used in this study. Primers used in real-time PCR experiments. Supplemental Table S2 . Meta-analysis dataset of gene expression in granulosa cells from the oocyte competence acquisition period. Dataset of the 2248 differentially expressed genes (DEGs) (Combined T-value ≥ 19.98, Combined P-value < 0.05) from the metaanalysis using NetworkAnalyst with the Fisher's method in granulosa cells associated with the follicle from the transition of growing to plateau, and early to optimal differentiation, both associated with the acquisition of oocyte developmental competence. Supplemental Table S3 . Meta-analysis dataset of gene expression in granulosa cells from the oocyte competence decrease period. Dataset of the 1589 differentially expressed genes (DEGs) (Combined Tvalue ≥ 19.98, Combined P-value < 0.05) from the meta-analysis using NetworkAnalyst with the Fisher's method in granulosa cells associated with the follicle from the transition of plateau to atretic, and optimal to late differentiation, both associated with the decrease of oocyte developmental competence.
Supplemental Table S4 . Upstream regulator analysis on the datasets from the granulosa cell's meta-analysis. Full list of upstream regulators identified by IPA from the differentially expressed genes (DEGs) associated with the period of oocyte competence acquisition (A) and decrease (B) in bovine granulosa cells. Predicted upstream regulator, molecule type, predicted activation state, z score, and statistical significance of the overlap (P-value) are shown. Supplemental Figure S1 . Embryo yields were calculated as the mean percentage with standard error of the mean for each coasting time compared to the reference group (less coasting).
